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ABSTRACT
The area under no-till (NT) in Brazil reached 22 million ha in 2004-

2005, of which approximately 45% was located in the southern states.
From the 1970s to the mid-1980s, this region was a source of carbon
dioxide to the atmosphere due to decrease of soil carbon (C) stocks
and high consumption of fuel by intensive tillage. Since then, NT has
partially restored the soil C lost and reduced the consumption of fossil
fuels. To assess the potential of C accumulation in NT soils, four long-
term experiments (7-19 yr) in subtropical soils (Paleudult, Paleudalf,
and Hapludox) varying in soil texture (87-760 g kg- I of clay) in agro-
ecologic southern Brazil zones (central region, northwest basaltic pla-
teau in Rio Grande Sul, and west basaltic plateau in Santa Catarina)
and with different cropping systems (soybean and maize) were inves-
tigated. The lability of soil organic matter (SOM) was calculated as
the ratio of total organic carbon (TOC) to particulate organic carbon
(POC), and the role of physical protection on stability of SOM was
evaluated. In general, TOC and POC stocks in native grass corre-
lated closely with clay content. Conversely, there was no clear effect of
soil texture on C accumulation rates in NT soils, which ranged from
0.12 to 0.59 Mg ha 'yr-1. The C accumulation was higher in NT than
in conventional-till (CT) soils. The legume cover crops pigeon pea
[Cajanus cajan (L.) Millsp] and velvet beans (Stizolobium cinereum
Piper & Tracy) in NT maize cropping systems had the highest C
accumulation rates (0.38-0.59 Mg ha-1 yr 1). The intensive cropping
systems also were effective in increasing the C accumulation rates in
NT soils (0.25-0.34 Mg ha 1 yr -1) when compared to the double-crop
system used by farmers. These results stress the role of N fixation in
improving the tropical and subtropical cropping systems. The physical
protection of SOM within soil aggregates was an important mecha-
nism of C accumulation in the sandy clay loam Paleudult under NT.
The cropping system and NT effects on C stocks were attributed to
an increase in the lability of SOM, as evidenced by the higher POC
to TOC ratio, which is very important to C and energy flux through
the soil.

S OUTHERN BRAZIL is an important agriculture region,
mainly due to the production of soybean [Glycine

max (L.) Merr.], maize (Zea mays L.), rice (Oryza sativa
L.), sorghum [Sorghum bicolor (L.) Moench], wheat
(Triticum aestivum L.), and black beans (Phaseolus
vulgaris L). This region was the origin of Brazilian no-till
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(NT) farming in the early 1970s. At that time, NT was
introduced to control the severe erosion widespread in
agricultural soils.

Southern Brazil had a very quick shift in land use from
forest and native grassland to agriculture. In 1969, the
cropland area in the state of Rio Grande do Sul was
0.8 million ha, while it reached 4 million ha in 1977
(Mielniczuk, 2003). During that time, southern Brazil
cropland relied on a soil management system based on
intensive tillage (two plows + four to six disks per year),
soybean-wheat double-cropping system, wheat straw
burning, and large areas with winter fallow. This soil
management system caused severe soil degradation due
to widespread erosion. In the 1970s, it was estimated that
for each 1 kg of soybean harvested in southern Brazil,
approximately 10 kg of fertile topsoil were eroded (Gian-
luppi et al., 1979; Mielniczuk, 2003).

To counteract this unsustainable management, the
farmers of southern Brazil started to adopt NT practices.
Farmers adapted NT to tropical and subtropical envi-
ronments mainly by increasing the amount of straw by
using winter cover crops and summer crop rotation to
compensate for the rapid residue decomposition. The
farmers called this system "NT in the straw" due to the
high amount of mulch left on the soil surface at seed-
ing time. In the mid-1980s, NT was rapidly adopted
in southern Brazil, achieving 80% of total cropland
(approximately 10 million ha) in 2004-2005. From the
1970s to the mid-1980s, this region was estimated to be a
source of carbon dioxide to the atmosphere, but it has
transformed since then into a major C sink thanks to the
adoption of NT and other soil conservation practices
(Mielniczuk et al., 2003; Bayer et al., 2006b).

In addition to favorable conditions for biological de-
composition of SOM, southern Brazil has a well-distrib-
uted rainfall pattern through the year allowing for the
development of intensive cropping systems, with three
or even four crops per year, that can result in high addi-
tion of crop residues to the soil surface (Mielniczuk et al.,
2003; Bayer et al., 2006b). These systems increase the
input of biomass C to the soil and, consequently, lead to
the accumulation of C in soils under conservation till-
age systems as verified in tropical Cerrado (Bayer et al.,
200 0 a, 2006b; Amado et al., 2001) and temperate soils
(Lal et al., 1999).

No-till improves physical protection of SOM within
soil aggregates. Particulate fractions of SOM occluded
into soil aggregates have longer turnover times than free

Abbreviations: CPI, carbon pool index; CT, conventional tillage; NT,
no tillage; POC, particulate organic carbon; POCPI, particulate or-
ganic carbon pool index; RT, reduced tillage; SOM, soil organic matter;
TLCC, tropical legume cover crop; TOC, total organic carbon.

1599



J. ENVIRON. QUAL., VOL. 35, JULY-AUGUST 2006

Fig. 1. Map of southern Brazil and the localization of the experimental areas.

fractions (Feller and Beare, 1997; Lal et al., 1999; Six
et al., 1998, 1999, 2000). However, few studies have been
performed in soils from southern Brazil. Variable charge
minerals could improve this mechanism of SOM stabi-
lization and as a consequence contribute to C accumu-
lation in NT soils (Parfitt et al., 1997; Hassink and
Whitmore, 1997; Balesdent et al., 2000; Baldock and
Skjemstad, 2000). In general, the less oxidative envi-
ronment in NT soils increases the lability of SOM, as
evidenced by spectroscopic techniques (Bayer et al.,
2000a, 2001) and by the ratio between labile and non-
labile pools of SOM (Diekow et al., 2005b).

In this study four of the oldest NT experiments in the
southern Brazil were sampled to evaluate the effect of
crop rotation and cover crops on the enhancing the po-
tential of organic C accumulation and the lability of SOM
in soils with different texture and mineralogy. Further,
the physical fractionation of SOM was performed in
a sandy clay loam soil to evaluate a magnitude of the
physical protection as a mechanism of SOM stabilization
in NT soils.

MATERIAL AND METHODS
Field Sites

Four long-term soil management experiments located in Rio
Grande do Sul (RS) and Santa Catarina (SC) states, southern

Brazil, were used in this research (Fig. 1). The first study began
in an area under native grass, while the other experimental
areas had a previous history of CT for 13 to 20 yr. These ex-
periments were performed from 7 to 19 yr considering the pe-
riod from their start until the soil sampling for this study.

The first experiment was performed at the Federal Univer-
sity of Santa Maria (UFSM) in Santa Maria (RS) for 10 yr
(1991-2001). The soil, a Typic Paleudalf (Soil Survey Staff, 1999),
has a sandy loam A horizon with a clay content of 87 g kg-.
This soil is referred herein as sandy loam Paleudalf (Table 1).
The climatic classification is wet subtropic Cfa in Koeppen clas-
sification (Koeppen, 1948). The average precipitation is 1769 mm
yr -, without dry season. The average annual temperature is
19.3°C. The experimental design is a randomized block with
3.5- X 22-m plots and two replications. The treatments selected
were the following: (i) bare soil, (ii) winter fallow-maize, (iii)
ryegrass (Lolium multiflorum Lam.)-maize, (iv) velvet beans-
maize denominated as tropical legume cover crop (TLCC), and
(v) native grass. The last treatment (v) was kept undisturbed,
without the presence of animals, as a reference treatment. The
maize was fertilized with 120 kg ha-' of N as urea, except the
fourth treatment that received 60 kg ha-. The experiment was
amended with lime and fertilized with phosphorus and potas-
sium following soil analysis. Bayer et al. (2006a) showed ex-
perimental data for this experiment.

The second experiment was performed from 1985 to 2001
at the Federal University of Rio Grande do Sul (UFRGS) in
Eldorado do Sul (RS). The soil is a Paleudult (Soil Survey
Staff, 1999) with a sandy clay loam A horizon with a clay con-
tent of 220 g kg '. It is designated here as sandy clay loam

Table 1. Main soil characteristics at the beginning of the experiments in southern Brazil.t

Particle size

Location Soil classification Coordinates Elevation Clay Silt Sand pH (water) P K

m - g kg- - mg kg- 1 -
sandy loam Paleudalf
sandy clay loam Paleudult
clay Hapludox
high clay Hapludox

29o45, S, 53O42' W
30o50' S, 51W38' W
28o36F S, 53o40' W
27024' S, 51o13' W

t Adapted from Conceiýio (2002), Spagnollo (2004), and Campos (2005).

Santa Maria
Eldorado Sul
Cruz Alta
Campos Novos

96
96

435
960

87 253
220 240
570 120
760 90

660
540
310
150

4.5
4.5
4.5
5.6

1.8
9.0

19.0
3.0

33
78
82

100

1600
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Paleudult. The climatic classification is wet subtropic Cfa in
Koeppen classification (Koeppen, 1948). The average precip-
itation is 1440 mm yr -, without dry season. The average
annual temperature is 19.4°C. Experimental design is a ran-
domized block with 5- x 10-m plots and three replications.
The treatments selected were: (i) black oat (Avena strigosa
Schreber)-maize under CT (CT = plow + two disks) without
mineral N fertilization, (ii) black oat-maize under CT with N
fertilization, (iii) black oat-maize under reduced tillage (RT)
(chisel) with N fertilization, (iv) black oat-maize under NT with
N fertilization, (v) black oat + common vetch [Vicia sativa (L.)
Walp.]-maize + cowpea [Vigna unguiculata (L.) Walp] under
NT with N fertilization, designated as Intensive Cropping
System I, (vi) pigeon pea-maize under NT with N fertilization,
designated as tropical legume cover crop (TLCC), and (vii)
native grass. The N fertilization (average of 144 kg ha ' of N)
was urea split during the maize growing season. The experi-
ment was amended with lime and fertilized with phosphorus
and potassium following soil analysis. Bayer et al. (2000b) and
Lovato et al. (2004) reported the experimental data for this
field experiment.

The third experiment was performed at the Center of Ex-
perimentation and Research Fundacep in Cruz Alta (RS) for
19 yr (1985-2004). The soil is a clay Rhodic Hapludox with a
clay content of 570 g kg-- in its upper horizon. It is referred
here as a clay Hapludox. The average precipitation is 1727 mm
yr ', without dry season. The average annual temperature
is 19.2°C. The climatic classification is wet subtropic Cfa in
Koeppen classification (Koeppen, 1948). The experiment was
performed in 60- X 40-m plots, which were split in three repli-
cations of 30 x 13.3 m to soil sampling. The experimental de-
sign is a randomized block, considering the subsamples in the
plots as replications. The treatments selected were: (i) wheat-
soybean under CT, (ii) wheat-soybean under NT, (iii) black
oat-soybean-black oat + vetch-maize-radish oil (Raphanus
sativus L.)-wheat-soybean, designated as Intensive Cropping
System II under CT, (iv) Intensive Cropping System II under
NT, and (v) native grass. The experiment was amended with
lime and fertilized with N, phosphorus, and potassium follow-
ing soil analysis. Campos et al. (1995) reported results for this
field experiment.

The fourth experiment was performed at the Epagri
Experimental Station in Campos Novos (SC) for 7 yr (1994-
2001). The soil is a clay Hapludox with a clay content of 760 g
kg-' in its upper horizon. The soil is referred herein as a high
clay Hapludox. The average precipitation is 1964 mm yr-',
without dry season. The average annual temperature is 16.5°C.
The climatic classification is wet temperate Cfb in Koeppen
classification (Koeppen, 1948). The experimental design is a
randomized block with 6- x 6-m plot size and three replicates.
The treatments selected were: (i) triticale (Triticosecale spp.
Wittm)-rye (Secale cereale L.)-soybean-common vetch-maize-
black oat-black bean-buckwheat (Fagopyrum esculentum
Moench) or radish oil, designated as Intensive Cropping System
III, with residues removed under CT, (ii) Intensive Cropping
System III under CT, (iii) Intensive Cropping System III under
NT, and (iv) native grass. The experiment was fertilized with N,
phosphorus, and potassium following soil analysis. Veiga et al.
(2000) showed the experimental data of this field.

Soil Sampling

Soil samples for organic C analysis were manually collected
in the following depth increments: 0 to 2.5, 2.5 to 5.0, 5.0 to 7.5,
7.5 to 10.0, 10.0 to 15.0, and 15.0 to 20.0 cm. Soil samples were
air dried at room temperature, crushed with a wood roll to pass
through a 2-mm open mesh sieve, and stored in plastic pots.

Only the results from 0- to 5- and 0- to 20-cm layers will be
presented in this paper.

Soil sampling to densimetric fractionation of SOM was per-
formed only at the 0- to 5-cm depth. The soil was sampled in
cores, manually disturbed to pass through a 9.51 -mm open mesh
sieve, air dried, and stored in plastic pots.

Analysis

Total Organic Carbon

The TOC in the first two sites was determined through
the Walkley-Black dichromate oxidation method with external
heating (Walkley and Black, 1947), while in the third and fourth
sites the Mebius modified method (Yeomans and Bremner,
1988) and wet combustion with CO 2 capture method (Nelson
and Sommers, 1982) were used, respectively. To perform a
mathematical adjustment of the results from the different meth-
ods, a comparison among them was performed. This comparison
showed a close relationship among the methods and the TOC
results obtained from Mebius (Walkley-Black = 0.99173 X
Mebius, n = 6, rt = 0.99, P < 0.0001) and wet combustion with
CO2 capture methods (Walkley-Black = 1.08776 X wet com-
bustion, n = 6, r2 = 0.99, P < 0.0001), which were mathemati-
cally adjusted to the Walkley-Black method. The TOC results
were expressed in equivalent soil depth (Bayer et al., 2000b),
where the soil bulk density was determined with soil cores sam-
pled by volumetric rings (Embrapa, 1997).

Particulate Organic Carbon

The physical fractionation of SOM followed the procedure
described by Cambardella and Elliot (1992). The C contents
were determined in the >53-p.m size fraction. The results of
POC were expressed only at the 0- to 5-cm layer, which was
the layer more affected by the NT system. Treatment effect on
POC in the deeper layers followed the same trend of the 0- to
5-cm layer, but with lower magnitude (data not shown).

Calculation of Carbon Pool Indexes and Lability of Soil
Organic Matter

The carbon pool index (CPI) and the particulate organic car-
bon pool index (POCPI) were calculated, respectively, through
the ratio between TOC or POC stocks in each treatment and the
TOC or POC stocks in the native grassland reference system
(Blair et al., 1995; Diekow et al., 2005b). The lability of SOM
was estimated through the ratio between the labile pool and
the non-labile pool of SOM, where the labile pool was the
POC stock and the non-labile pool was calculated by differ-
ence between TOC and POC stocks (Bayer et al., 2002; Diekow
et al., 2005b).

Densimetric Fractionation of Soil Organic Matter

To evaluate the importance of physical protection on the
organic C accumulation in NT soils from southern Brazil,
soil surface samples (0- to 5-cm layer) of the sandy clay loam
Paleudult were submitted for a densimetric fractionation of
SOM (Golchin et al., 1994) using a 2.0 g cm-' sodium poly-
tungstate (SPT) solution. Ten grams of <9.5-mm soil aggre-
gates were immersed in 80 mL of SPT in a centrifuge tube. The
tube was covered with plastic and manually inverted slowly
five times to avoid disruption of aggregates, and then allowed
to stand for 60 min before centrifuging at 2000 X g for 90 min.
After removal of light free fraction (LFF) of SOM, SPT solu-
tion was added to residual soil and the volume of the suspen-
sion adjusted and sonified using a total energy of 250 J mL 'to
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break soil aggregates and liberate the occluded fraction (LOF)
of SOM. The tube was allowed to stand for 60 min before cen-
trifuging at 2000 X g for 90 min. The free and occluded frac-
tions were obtained through filtration of the overflow, and
they were washed with deionized water, dried at 60'C for
24 h, and analyzed in relation to C concentrations by dry com-
bustion in a TOC analyzer (Shimadzu, Kyoto, Japan). These
C results were not adjusted to the Walkley-Black method.
As the results of LFF and LOF did not compare or relate to
the TOC or POC results, they will be used only to evaluate
the importance of physical protection of SOM in the NT clay
loam Paleudult.

Carbon Accumulation Rates

The C accumulation rates were calculated for the 0- to 20-
cm depth using the following equation:

rate (Mg ha-1 yr-1) = (TOC stock in improved system

- TOC stock in traditional system)/years

Statistical Analysis

Analysis of variance was performed using the SAS statis-
tical package (SAS Institute, 2001). Each field site was ana-
lyzed separately, according to experimental design. The third
experiment results were analyzed according to a randomized
block design, with three replications (subsamples). The Tukey
test was applied at p < 0.05 level of probability.

RESULTS AND DISCUSSION
Total Organic Carbon and Organic Carbon in the

Particulate Fraction

The TOC contents in 0- to 5- and 0- to 20-cm soil
layers are shown in Table 2. The TOC in native grass was
higher in clayey than in sandy soils. In the high clay
Hapludox (760 g kg-1 of clay), the native grass had
159% higher TOC at 0 to 20 cm than in the sandy loam
Paleudalf (87 g kg- 1 of clay). In addition to its clay con-
tent, the high clay Hapludox site had a lower tempera-
ture regime than the sandy loam Paleudalf, which may
have contributed to the results reported in Table 2. In
addition, the clayey soils had higher nutrient availability
than the sandy soils, which resulted in increased biomass
production of the native grass and thus in a buildup of
TOC. The observed difference of TOC stocks was also
probably due to higher physical and chemical protection
of organic matter in clayey soils when compared to
sandy soils (Parfitt et al., 1997; Bayer et al., 2001, 2002).
However, considering the lower altitude and higher
temperature in Cruz Alta than Campos Novos, it is not
clear why the clay Hapludox (570 g kg_1 of clay) from
Cruz Alta showed 12.9 Mg C ha- higher TOC at 0 to
20 cm than high the clay Hapludox (760 g kg- 1 of clay)
from Campos Novos (Table 2). The most probable ex-
planation could be related to different mineralogy of

Table 2. Effect of soil management and crop system on total organic carbon (TOC), particulate organic carbon (POC), carbon pool index
(CPI), and particulate organic carbon pool index (POCPI) for four different soils of southern Brazil.

Ratio

POC TOC
Time of TOC POC TOC (0-5 cm) to (0-5 cm) to CPI* CPI POCPI*

Soil adoption Soil managementt (0-5 cm) (0-5 cm) (0-20 cm) TOC (0-5 cm) TOC (0-20 cm) (0-20 cm) (0-5 cm) (0-5 cm)

yr - Mgha-1 - -

Sandy loam Paleudalf 10 bare soil 3.21b§ 0.27c 14.9b 0.08 0.22 0.67 0.45 0.16
(clay = 87 g kg-1) NT fallow-maize 6.76a 1.09bc 19.2ab 0.16 0.35 0.87 0.94 0.63

NT ryegrass-maize 8.22a 2.49ab 20.8a 0.30 0.40 0.94 1.14 1.43
NT TLCC (velvet 9.42a 2.97a 25.1a 0.32 0.38 1.14 1.31 1.71

beans)-maize
native grass 7.18a 1.74ab 22.1a 0.24 0.32 1.00 1.00 1.00
CV, %% 11.3 24.2 10.6

Sandy clay loam 15 CTWN black oat-maize 7.27c 0.82d 30.Od 0.11 0.24 0.69 0.48 0.22
Paleudult (clay CT black oat-maize 8.47bc 1.21cd 33.8cd 0.14 0.25 0.78 0.55 0.32
220 g kg-1) RT black oat-maize 9.27bc 1.64cd 34.2ed 0.18 0.27 0.79 0.61 0.44

NT black oat-maize 10.47b 2.57bcd 35.6c 0.25 0.29 0.82 0.69 0.69
NT ICS I# 14.17a 2.79bc 39.4ab 0.20 0.36 0.91 0.93 0.74
NT TLCC (pigeon 16.50a 5.72a 41.3ab 0.35 0.40 0.95 1.08 1.53

pea)-maize
native grass 15.28a 3.75b 43.3a 0.25 0.35 1.00 1.00 1.00
CV, % 8.0 23.4 7.6

Clay Hapludox 19 CT wheat-soybean 12.5d 1.29c 48.7d 0.10 0.26 0.69 0.57 0.29
(clay = 570 g kg-1) CT ICS II# 13.4d 1.72c 53.6c 0.13 0.25 0.76 0.61 0.39

NT wheat-soybean 16.2c 3.02b 51.8cd 0.19 0.31 0.74 0.74 0.68
NT ICS 11 18.Ob 3.23b 58.3b 0.18 0.31 0.83 0.82 0.73
native grass 22.Oa 4.41a 70.1a 0.20 0.31 1.00 1.00 1.00
CV, % 6.3 20.7 3.9

High clay Hapludox 7 CT ICS III# 11.9b 3.26b 47.8b 0.27 0.25 0.84 0.53 0.30
(clay = 760 g kg ) residue removed

CT ICS III 14.Oab 3.81b 50.4b 0.27 0.28 0.88 0.62 0.35
NT ICS III 15.9ab 5.40b 53.4ab 0.34 0.30 0.93 0.70 0.50
native grass 22.6a 10.83a 57.2a 0.48 0.40 1.00 1.00 1.00
CV, % 29.7 23.2 8.1

t CT, conventional tillage; CTWN, conventional tillage without nitrogen fertilization; NT, no tillage; RT, reduced (chisel) tillage; TLCC, tropical legume
cover crop.

t CPI = TOC treatment/TOC native grass; POCPI = POC treatment/POC native grass.
§ Means followed by same letter within a column, into the same field site, do not differ by Tukey test at the ci = 0.05 level.
¶ Coefficient of variation.
# Intensive Cropping System (ICS) I = black oat + common vetch-maize + cowpea. ICS II = black oat-soybean-black oat + vetch-maize-radish oil-wheat-

soybean. ICS III = triticale-rye-soybean-common vetch-maize-black oat-black bean-buck wheat-radish oil.
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these soils or different botanic composition of native
vegetation between the two sites.

The effect of soil texture on TOC also can be evalu-
ated comparing similar soil management systems among
different soil types. Despite the lower annual additions
of crop residue (Table 3), the wheat-soybean under CT
in clay Hapludox (570 g kg-1 of clay) had 44% higher
TOC (0- to 20-cm layer) than black oat-maize under CT
in sandy clay loam Paleudult (220 g kg- 1 of clay). Simi-
larly, the wheat-soybean under NT in clay Hapludox had
46% higher TOC (0- to 20-cm layer) than in black oat-
maize under NT in sandy clay loam Paleudult, despite
the lower annual crop residue addition in the first soil.

In NT, the use of tropical legume cover crops (velvet
beans in sandy loam Paleudalf and pigeon pea in sandy
clay loam Paleudult) in maize cropping systems and In-
tensive Cropping Systems I (black oat + common vetch-
maize + cowpea) and II (black oat-soybean-black oat +
vetch-maize-radish soil-wheat-soybean), maintained by
crop rotation and cover crops, were able to maintain the
TOC stock statistically similarly to the reference treatment
(native grass). Therefore, NT performance was improved
by the high inputs of biomass C and N, via biologic fixation
and mineral N fertilization, accomplished in the more
intensive and diversified cropping systems (Burle et al.,
1997; Bayer et al., 2002; Freixo et al., 2002; Sisti et al.,
2004; Diekow et al., 2005a). Conversely, under CT, re-
gardless of cropping system and soil type, there was a de-
crease in TOC when compared to native grass. However,
this decrease was more pronounced in the soils with lower
clay content.

The soil management systems modified the ratio of
TOC (0- to 5-cm layer) to TOC (0- to 20-cm layer) veri-
fied in native grass (Table 2). Conventionally tilled soil
had a decrease in this ratio, showing that the distribution
of TOC in the soil profile under CT was more uniform
than in native grassland soil, most likely due to the
annual soil disturbance and deposition of residue into

the soil tillage layer. Except for the high clay Hapludox,
the NT soils that were combined with intensive cropping
systems and systems with tropical legume cover crops
were able to maintain or even increase this ratio com-
pared to native grass, which is related to preferential C
accumulation on the soil surface where the crop residues
are placed.

Particulate organic carbon (POC), mainly composed
of crop residues and roots in initial decomposition stages,
has been considered as a more sensitive indicator of
soil management than TOC (Bayer et al., 2001, 2002;
Conceiqo and Amado, 2002). The carbon pool index
(CPI) proposed by Blair et al. (1995) was calculated to
the 0- to 5- and 0- to 20-cm depths and adapted to par-
ticulate organic carbon (POCPI). These indexes com-
paring the highest (improved soil management system)
and the lowest (poor soil management system) TOC soil
management treatments for each soil were the follow-
ing: sandy loam Paleudalf, 2.9 and 10.7; sandy clay loam
Paleudult, 2.3 and 7.0; and high clay Hapludox, 1.3 and
1.7, respectively, for CPI and POCPI. These results
show that POCPI was a more sensitive indicator for soil
management than CPI, regardless of the soil type. The
highest CPIs were found in intensive cropping systems
and with tropical legume cover crops under NT; on the
other hand, the lowest CPIs were found in the treat-
ments with the combination of absent or low biomass
input and CT. The effect of soil management on POCPI
has consequences for soil quality due to the role of this
labile organic C fraction in nutrient cycling, biologic ac-
tivity, and many related soil properties (Blair et al., 1995;
Diekow et al., 2005b). In the highest clay content soil,
the CPI (0- to 20-cm layer) showed low sensitivity to soil
management, while CPI (0- to 5-cm layer) and POCPI
were able to discriminate among the soil management
systems. Generally, POC had a higher coefficient of
variation than TOC, except for the high clay Hapludox
(Table 2).

Table 3. Carbon and nitrogen input to the soil in the management systems.

Soil Soil managementt Mineral N fertilizert Aboveground C input Total N input§

Sandy loam Paleudalf

Sandy clay loam Paleudult

Clay Hapludox

High clay Hapludox

bare soil
NT fallow-maize
NT ryegrass-maize
NT TLCC (velvet beans)-maize
CTWN black oat-maize
CT black oat-maize
RT black oat-maize
NT black oat-maize
NT ICS 1¶
NT TLCC (pigeon pea)-maize
CT wheat-soybean#
CT ICS liIt
NT wheat-soybean#
NT ICS I1
CT ICS 1111 residue removed
CT ICS III
NT ICS 111

t CT, conventional tillage; CTWN, conventional tillage without nitrogen fertilization; NT, no tillage; RT, reduced (chisel) tillage; TLCC, tropical legume
cover crop.

* Nitrogen source was urea.
§ Total nitrogen input ý mineral N fertilizer + N addition in aboveground legume cover crop.
I Intensive Cropping System (ICS) I - black oat + common vetch-maize + cowpea. ICS II - black oat-soybean-black oat + vetch-maize-radish oil-wheat-

soybean. ICS III = triticale-rye-soybean-common vetch-maize-black oat-black bean-buck wheat-radish oil.
# Soybean was considered as a neutral N balance due to high grain exportation.

kg ha -

0
130
130
65

0
144
144
144
144
144
73
48
73
48
64
64
64

Mg ha 1 yr

0
2.78
3.76
4.51
4.24
6.67
7.09
6.63
7.83
6.84
3.67
5.18
4.03
5.87
0.66
3.77
3.43

kg ha I yr-

0
130
130
165

0
144
144
144
244
344

73
74
73
78
70
90
90
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The treatments with tropical legume cover crops such
as pigeon pea-maize (sandy clay loam Paleudult) and
velvet beans-maize (sandy loam Paleudalf) had, respec-
tively, 53 and 71% higher POC stocks than the native
grass treatment. Good soil management practices, such
as cover crops, minimum soil disturbance, N fertilization,
and legume cover crops increased POC stocks. In con-
trast, in the sandy clay loam Paleudult, the POC stocks
under double-cropping systems (black oat-maize) with
RTand CTreached only 56 and 68%, respectively, of the
reference treatment. These results indicate that treat-
ments with improved soil management practices increase
POC stocks and treatments with poor soil management
promote decrease of this C fraction in relation to native
grass (Table 2).

The lability of SOM, calculated as the ratio between
POC and TOC stocks at 0 to 5 cm, varied from 0.20 to
0.48 in soils under native grass. The management sys-
tems that combined low crop residue addition and in-
tensive soil disturbance (CT) led to a decrease in SOM
lability (POC to TOC ratio varying from 0.08 to 0.27). In
contrast, NT soils with high addition of crop residues
promoted an increase in the SOM lability as evidenced
by the higher POC to TOC ratios (varying from 0.18 to
0.35). Lability is an important property of SOM because
it affects the fluxes of C and energy in soil through mi-
crobial activity, which, in turn, provides a positive feed-
back on soil quality (Blair et al., 1995; ConceiqAo and
Amado, 2002; Diekow et al., 2005b).

Rates of Carbon Accumulation

Tillage Effect

The NT soils showed a range of 0.12 to 0.43 Mg C
ha 1 yr-1 of C accumulation relative to the CT soil
(Table 4). In the sandy clay loam Paleudult, NT had
0.12 Mg ha lyr-1 C higher accumulation than CT under

the double-cropping system (black oat-maize). In this
soil, the TOC increment rates were 26.7 (0- to 5-cm layer)
and 6.0 (0- to 20-cm layer) kg ha 1 cm- yr 1, indicating
that C accumulation in the NT soils occurred preferen-
tially in soil surface layer.

In the clay Hapludox, NT had 0.16 Mg ha-1 yr- 'of C
accumulation compared to CT, with both under double-
cropping system (wheat-soybean). The TOC increment
rates were 39.0 (0- to 5-cm layer) and 8.0 (0- to 20-cm
layer) kg ha- 1 cm- I yr 1. The similar rate of NT C accu-
mulation in the clay Hapludox (0.16 Mg ha-1 yr-l)
in comparison to sandy clay loam Paleudult (0.12 Mg
ha-' yr 1) probably is related to higher C addition in
the sandy clay loam Paleudult than in clay Hapludox
(Table 3), which partly compensates for the lower C
stabilization in the Paleudult.

The highest rates of C accumulation in NT compared
to CT were found when the intensive cropping systems
replaced the traditional double-cropping system used
in southern Brazil. In the clay Hapludox soil NT had
0.25 Mg ha - yr-1 more C accumulation than CT under
Intensive Cropping System II. There was an increase of
56% in NT C accumulation rate due to the more inten-
sive in cropping system. The TOC increment rates were
48.4 (0- to 5-cm layer) and 12.5 (0- to 20-cm layer) kg
ha-1 cm-1 yr-1.

In the high clay Hapludox, the NT had 0.43 Mg ha
yr ' more C accumulation than CT under Intensive
Cropping System III. The TOC increment rates were
54.3 (0- to 5-cm layer) and 21.5 (0- to 20-cm layer) kg
ha-1 cm-1 yr-1. Therefore, the C accumulation rates of
NT compared to CT under an intensive cropping system
were greater in the high clay Hapludox than in the clay
Hapludox (0.25 Mg ha-1 yr 1). Considering the lower
crop residue additions in the high clay Hapludox than in
the clay Hapludox (Table 3), higher rates of C accumu-
lation in the high clay soil are most likely be related to

Table 4. Effects of soil management and crop system on annual rate of carbon accumulation in four different soil types from south-
ern Brazil.

TOCt
(0-20 cm) Carbon accumulation

Clay Time Tillage and
Soil content of adoption Crop system CTt NTt Tillage effect Cropping effect cropping effect

gkg 1 yr -Mgha - _ Mgha- yr-1

Sandy loam 87 10 mono-cropping - 19.2 -
Paleudalf (fallow-maize) 0.43 (TLCC X double-

double-cropping - 20.8 - cropping under NT)
(ryegrass-maize) 0.59 (TLCC X mono-

TLCCt (velvet - 25.1 - cropping under NT)
beans-maize)

Sandy clay 220 15 double-cropping 33.8 35.6 0.12 (NT x CT under - -
loam Paleudult (black oat-maize) double-cropping) 0.25 (intensive X double- 0.37 (NT intensive X

ICS 1§ - 39.4 - cropping under NT) CT double-cropping)
TLCC (pigeon 41.3 0.38 (TLCC X double-

pea-maize) cropping under NT)
Clay Hapludox 570 19 double-cropping 48.7 51.8 0.16 (NT x CT under 0.26 (intensive x double- -

(wheat-soybean) double-cropping) cropping under CT)
ICS I1§ 53.6 58.3 0.25 (NT x CT 0.34 (intensive x double- 0.51 (NT intensive x

under ICS II) cropping under NT) CT double-cropping)
High clay 760 7 ICS I!!§ 50.4 53.4 0.43 (NT x CT - -

Hapludox under ICS I1l)

"t TOC, total organic carbon; CT, conventional tillage; NT, no-tillage.
t TLCC, tropical legume cover crop.
§ Intensive Cropping System (ICS) I = black oat + common vetch-maize + cowpea. ICS II = black oat-soybean-black oat + vetch-maize-radish oil-wheat-

soybean. ICS III = triticale-rye-soybean-common vetch-maize-black oat-black bean-buck wheat-radish oil.

I
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the shorter duration of the experiment (7 yr) compared
to the clay soil (19 yr). Higher C accumulation rates are
expected to occur in the first couple years of NT adop-
tion in SOM-depleted soils.

Cropping System Effect

The highest rate of C accumulation (0.59 Mg ha-' yr 1)
was found in the velvet beans (tropical legume cover
crop)-maize system compared to winter fallow-maize
under NT, in the sandy loam Paleudalf (Table 4). The
TOC increment rates were 53.2 (0- to 5-cm layer) and
29.5 (0- to 2 0-cm layer) kg ha-' cm-I yr-1. No-till with
tropical legume increased C accumulation compared to
double-cropping system (rye-maize) by 0.43 Mg ha-1
yr . However, it should be stressed that the sandy
loam Paleudalf had the lowest TOC stocks among the
soils investigated.

In the sandy clay loam Paleudult the pigeon pea
(tropical legume cover crop)-maize had 0.38 Mg ha-1
yr-I more C accumulation than the black oat-maize
(double-cropping system) in NT. The TOC increment
rates were 80.4 (0- to 5-cm layer) and 19.0 (0- to 20-cm
layer) kg ha-' cm-1 yr-1. The C accumulation rate in
the sandy loam Paleudalf under NT was 55% higher
than in sandy clay loam Paleudult, which must be related
to the different reference systems used (winter fallow in
sandy loam Paleudalf and black oat in the sandy clay
loam Paleudult). In both cropping systems under NT, the
highest gain of C was verified in the shallow soil layer.
The tropical legume cover crops provide high inputs of C
and N from aboveground biomass and roots. Also, the
following maize crop is expected to produce higher
biomass due to improvement in N soil availability from
the previous legume cover crop (Amado et al., 2001;
Bayer et al., 2000a, 2000b, 2006a; Diekow et al., 2005a).

The NT rate of C accumulation in the intensive crop-
ping system compared to double-cropping system was
higher in the clay Hapludox (0.34 Mg ha-1 yr 1) than in
the sandy clay loam Paleudult (0.25 Mg ha 1 yr- 1). This
result is likely related to the increased stability of the
SOM in the clay soil when compared to sandy clay loam,
despite the lower additions of plant biomass to the clay
Hapludox. Under NT, the difference in C addition be-
tween an intensive cropping system and double-cropping
system was greater in the clay Hapludox (1.84 Mg C
ha-1 yr 1) than in sandy clay loam Paleudult (1.20 Mg
C ha 1 yr 1) (Table 3). Also, the study on the clay Hap-
ludox was performed for 4 yr longer than on the sandy
clay loam Paleudult.

The lowest C accumulation rates across cropping sys-
tems were verified under CT. For example, in the clay
Hapludox, the Intensive Cropping System II under CT
experienced a C increase rate of 0.26 Mg ha 1 yr 1 higher
rate of C accumulation than the double-cropping system.
Under NT, the difference extended to 0.34 Mg C ha-
yr 1. The smaller C accumulation observed under CT in
the clay Hapludox is related to the smaller C additions
observed under this system (Table 3). The TOC incre-
ment rates for CT were 9.5 (0- to 5-cm layer) and 12.9 (0-
to 20-cm layer) kg ha 1 cm-1 yr I. There was a slight

increase in soil C storage under CT when the cropping
system was improved. The approximately uniform incre-
ment in C through the soil depths probably is related to
use of a plow disc and tandem disc in CT system. These
disc implements promote a more uniform distribution of
residues through the soil profile than the moldboard plow,
which inverts the soil layers, or NT, which keeps the resi-
dues on soil surface (Sd et al., 2001).

Tillage and Cropping Effect

In the sandy clay loam Paleudult, NT under Intensive
Cropping System I (four crops yr-1) had a C addition
rate of 7.83 Mg ha- I yr-I compared to 6.67 Mg ha I

yr 1 for CT under double-cropping (two crops yr I)

(Table 3). The NT under Intensive Cropping System I
on the sandy clay loam Paleudult had an annual C ac-
cumulation rate that was 0.37 Mg ha-I yr 1 higher than
for CT under double cropping. This rate is approxi-
mately three times higher than the rate found when com-
paring NT to CT alone (0.12 Mg ha-1 yr- 1). It should be
stressed that in this case there are two effects combined:
minimum soil disturbance provide by NT and higher resi-
due addition due to the Intensive Cropping System I.
The TOC increment rates, comparing NT under Inten-
sive Cropping System I with CT under double-cropping
system in the sandy clay loam Paleudult, were 76.0 (0- to
5-cm layer) and 18.5 (0- to 20-cm layer) kg ha 1 cm I

yr 1. Carbon accumulation was approximately four times
higher in the first than the second soil depth.

In the clay Hapludox, the Intensive Cropping System
II under NT had a C accumulation of 0.51 Mg ha I yr I
higher than the double-cropping system under CT. The
difference in annual C inputs between these two systems
was 2.20 Mg ha 1 yr I of C in favor of the Intensive
Cropping System II under NT (Table 3). In general, the
combined use of NT and an intensive cropping system
resulted in higher C accumulation rates. The single ef-
fect of tillage under an intensive cropping system (NT X
CT = 0.25 Mg ha-1 yr-1) was lower than the single ef-
fect of a cropping system under NT (Intensive Cropping
System II X double-cropping = 0.34 Mg ha-' yr-1).
Thus, under an intensive cropping system, NT had
0.69 Mg ha- 1 yr-1 more C addition than CT in the same
cropping system. The intensive cropping system had
1.84 Mg ha I yr-1 more C addition than the double-
cropping system, both under NT (Table 3). These results
stress the importance of crop residue addition to enhance
the potential of C sequestration in NT soils.

Physical Protection of Organic Matter in
Tillage Systems

The densimetric fractionation of SOM was performed
at the 0- to 5-cm soil depth in the sandy clay loam
Paleudult to evaluate the effect of the physical protec-
tion on C accumulation in this southern Brazil soil.
Figure 2 shows the effect of NT on C stocks in the free
and occluded light fractions of SOM in comparison to
CT soil. It was observed that the C stock in the free light
fraction was 3.5 times higher in NT than CT soil. This
result was probably a consequence of the decrease in
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Fig. 2. Free and occluded light fractions of soil organic carbon (SOC)
at the 0- to 5-cm depth of the sandy clay loam Paleudult under
conventional tillage (CT) and no-till (NT) systems.

soil temperature mainly in the surface layers, and lower
residue-soil contact in NT compared to CT. The NT also
increased by 3.5 times the C stock in the occluded frac-
tion in comparison to CT. These tillage systems did not
change the proportion of free and occluded fraction in
TOC. In addition, the increase of C stock in the occluded
light fraction of SOM (3.55 g C kg-a of soil) represented
approximately 74% of the total increase in the light
fraction (4.78 g C kg- 1 of soil) observed under NT rela-
tive to CT. These results suggest that physical protection
of organic matter into soil aggregates was an important
mechanism in the increase of C stocks in the NT sandy
clay loam Paleudult (subtropical soil). These results were
similar to those obtained in temperate soils (Carter et al.,
1994; Franzluebbers and Arshad, 1997; Six et al., 2000).
The importance of physical protection to C accumulation
in NT soils also depends on soil texture and mineralogy,
effects that need to be better understood in tropical and
subtropical soils.

CONCLUSIONS

Carbon accumulation in NT soils occurred mainly in
soil surface layers, and the highest rates were obtained
by the combination of NT with tropical summer legume
cover crops in maize systems, followed by the intensive
crop rotation systems. In general, soil C stocks in native
grass sites had a close relationship with soil clay content.
In contrast, soil texture had no clear effect on C accu-
mulation rates under conservative soil management sys-
tems. The increase in C and N inputs from crop residue
resulted in an increase in soil C accumulation, and this
effect was more pronounced under NT than CT. The par-
ticulate organic C was more sensitive than total organic
C in distinguishing soil management systems. There was
an increase of the C lability in soils under NT compared
to conventionally tilled soils. Physical protection of SOM
was evidenced as an important mechanism of organic C
accumulation in NT in the sandy clay loam Paleudult.
Further studies evaluating different soil types are needed
in Brazil cropping systems to confirm the role of this
mechanism in the stabilization of SOM. as well to evalu-

ýa
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ate the effect of soil texture and mineralogy on the C
accumulation rates under NT.
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